Glutaminolysis is the metabolic process of glutamine, aberration of which has been implicated in several pathogeneses. Although we and others recently found a diversity of metabolic dysregulation in organ fibrosis, it is unknown if glutaminolysis regulates the profibrotic activities of myofibroblasts, the primary effector in this pathology. In this study, we found that lung myofibroblasts demonstrated significantly augmented glutaminolysis that was mediated by elevated glutaminase 1 (Gls1). Inhibition of glutaminolysis by specific Gls1 inhibitors CB-839 and BPTES as well as Gls1 siRNA blunted the expression of collagens but not that of fibronectin, elastin, or myofibroblastic marker smooth muscle actin-a. We found that glutaminolysis enhanced collagen translation and stability, which were mediated by glutaminolysis-dependent mTOR complex 1 activation and collagen proline hydroxylation, respectively. Furthermore, we found that the amount of the glutaminolytic end product a-ketoglutarate (a-KG) was increased in myofibroblasts. Similar to glutaminolysis, a-KG activated mTOR complex 1 and promoted the expression of collagens but not of fibronectin, elastin, or smooth muscle actin-a. a-KG also remarkably inhibited collagen degradation in fibroblasts. Taken together, our studies identified a previously unrecognized mechanism by which a major metabolic program regulates the exuberant production of collagens in myofibroblasts and suggest that glutaminolysis is a novel therapeutic target for treating organ fibrosis, including idiopathic pulmonary fibrosis.
We identified a previously unrecognized mechanism by which a key metabolic program, glutaminolysis, regulates the production of collagens, the principal components of fibrotic matrix. We provide solid evidence that augmented glutaminolysis promotes the expression of collagens by enhancing their translation and stability through a-ketoglutarate-mediated mTOR activation and proline hydroxylation. Our findings suggest that glutamine metabolism may represent a novel therapeutic target for treating tissue fibrosis.
Myofibroblasts are the putative effectors in organ fibrosis in that they are the primary cell populations that produce fibrotic matrix composed of disorganized collagens, fibronectin, and elastin (1) (2) (3) (4) (5) . It has long been recognized that targeting these overly active cells represents one of the best strategies for treating organ fibrosis (5).
However, incomplete understanding of the regulation of pathological matrix production by myofibroblasts hampers the development of effective therapies.
Aberrant metabolism is a prominent feature of diabetes and cardiovascular diseases (6) . There is also rapidly growing evidence showing that metabolic dysregulation plays critical roles in other pathologies (7, 8) . Previous studies by our and other groups showed that myofibroblasts demonstrated elevated glycolysis (9) (10) (11) . It was also found that glycolytic inhibition suppressed myofibroblastic differentiation and was effective in blunting experimental lung fibrosis in mice (9) . These findings suggest that metabolic reprogramming is an integral step of myofibroblastic differentiation and the tissue fibrotic process. In our continuous endeavor to delineate the role of aberrant core metabolic pathways in the pathogenesis of lung fibrosis, we interrogated glutaminolysis, a major program of cellular metabolism (12) , in lung myofibroblasts.
Glutaminolysis is the metabolic process of glutamine that is used for production of biological energy; synthesis of proteins, lipids, and nucleotides; and maintenance of redox homeostasis (13) (14) (15) (16) (17) . Glutaminolysis involves conversion of glutamine to glutamate by glutaminase (Gls) and constitutes a key anaplerotic reaction that replenishes the tricarboxylic acid (TCA) cycle via a-ketoglutarate (a-KG) generation (13) (14) (15) (16) . In addition, as the metabolic program of one of the most abundant nutrients, glutaminolysis intricately interacts with the mTOR complex (mTORC), a central integrator of nutrient and growth factor sensing and cell growth, survival, and metabolism (16) . mTORC1 regulates protein synthesis, nutrient uptake, and autophagy in response to growth factors and amino acids (18) . Two of the best characterized substrates of mTORC1 are p70-S6 kinase (p70-S6K) and 4E-BP1, whereas mTORC2 phosphorylates several AGC kinases, such as AKT and SGK1, to regulate cellular metabolism (19) .
As one of the most defining pathological events in tissue fibrosis, collagen production is subject to regulation at multiple levels. Newly synthesized collagen peptides undergo several post-translational modifications (PTMs), including proline and lysine hydroxylation (20) . These PTMs are essential to the formation of proper conformation of the collagen peptides, which is required for the stabilization of the triple-helix structure of collagens (20, 21) . Collagens with inadequate proline hydroxylation are readily degraded before secretion, and such a process is recognized to be a very important intracellular mechanism for the quality control of the extracellular matrix (ECM) (22, 23) . Hydroxylation of prolines and lysines in collagens is mediated by collagen hydroxylases, such as C-3 and C-4 prolyl hydroxylases and C-5 lysyl hydroxylases, which belong to the dioxygenase family (20) . Enzymedependent collagen hydroxylation has been shown to require a-KG as a substrate.
In this study, we found that myofibroblasts demonstrated remarkably augmented glutaminolysis. We discovered unique mechanisms by which this metabolic process regulated the production of fibrotic matrices, particularly collagens. Our data establish a solid foundation for developing glutaminolysis-based therapeutics to treat organ fibrosis.
Methods

Reagents
Human recombinant transforming growth factor-b1 (TGF-b1) was obtained from PeproTech. Bleomycin was purchased from Besse Medical. CB-839 was obtained from MedchemExpress. Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) was purchased from R&D Systems. Torin 1 was obtained from Cayman Chemical. Chloroquine, colchicine, MG-132, cycloheximide, and dimethyl a-KG were purchased from Sigma-Aldrich. [ 35 S]methionine was obtained from PerkinElmer. L-Glutamine solution, L-glutamine-free RPMI 1640, and Eagle's minimal essential medium were purchased from Corning. Gls1, Smad2, and Smad3 siRNAs were obtained from Dharmacon. MitoTracker Deep Red FM was purchased from Thermo Fisher Scientific.
Experimental Pulmonary Fibrosis Model
C57BL/6 mice were purchased from The Jackson Laboratory. The bleomycininduced lung fibrosis model was described in detail previously (9) . The animal protocol was approved by the institutional animal care and use committee at the University of Alabama at Birmingham (UAB).
Isolation of Primary Human Lung Fibroblasts
Primary human lung fibroblasts were established as previously described (9) . The protocol was approved by the UAB Institutional Review Board. Normal lung fibroblasts were derived from failed donor lungs. Fibroblasts were maintained in Eagle's minimal essential medium supplemented with 10% FBS. At least two independent lines at passages 3-6 were used in experiments.
Immunohistochemistry
Immunohistochemistry was performed as described in our previous studies (24) .
Immunofluorescence Microscopy
Immunofluorescence assays were performed as previously described (25) .
Mass Spectrometry
Mass spectrometry to analyze TCA cycle metabolites was performed by the Targeted Metabolomics and Proteomics Laboratory of UAB. Briefly, cells were harvested with ice-cold pure methanol. A quantity of 1 ml of each sample was transferred to a glass tube and dried under a gentle stream of N 2 . Standards and samples were resuspended in 50 ml of 5% acetic acid and vortexed for 15 seconds. A quantity of 50 ml of Amplifex Keto Reagent (SCIEX) was added to each sample and allowed to react for 1 hour at room temperature. Standards and samples were then dried under a gentle stream of N 2 and finally resuspended in 1 ml of 0.1% formic acid (FA). Samples were analyzed by liquid chromatography multiple reaction ion monitoring mass spectrometry. Liquid chromatography was performed using an LC20AC HPLC system (Shimadzu) with a Synergi Hydro-RP 4 mm 80A 250 3 2-mm internal diameter column (Phenomenex). Mobile phases were 1) 0.1% FA and 2) MeOH 0.1% FA. Compounds were eluted using a 5 to 40% B linear gradient from 1 to 7 minutes, followed by a column wash 40 to 100% B from 7 to 10 minutes, and reequilibrated at 5% B from 10.5 to 15 minutes. Column eluents were passed through an electrospray ionization interface of an API 4000 triplequadrupole mass spectrometer (SCIEX). Peak areas of metabolites in the sample extracts were compared using MultiQuant software (SCIEX) with those of the known standards to calculate metabolite concentrations.
ORIGINAL RESEARCH [ 35 S]Methionine Incorporation Assay
After indicated treatments, cell media were replaced with methionine-free RPMI 1640 that contained 50 mCi/ml [ 35 S]methionine. Two hours after the incubation, cellular extracts were prepared and resolved by SDS-PAGE. Proteins were transferred to polyvinylidene fluoride membranes, followed by exposure to X-ray film for 2 hours.
siRNA Transfection
Lung fibroblasts were transfected with siRNAs using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer's instructions.
RT-PCR
mRNA amounts in cells were determined by RT-PCR using the LightCycler 480 SYBR Green I Master (Roche). Primer sequences are listed in Table 1 .
Western Blotting
Western blotting was performed as previously described (24) . Mouse antitubulin, mouse anti-smooth muscle actin-a (anti-SMA-a), and mouse antifibronectin antibodies were purchased from Sigma-Aldrich. Rabbit anti-collagen I antibody was obtained from Abcam. Rabbit anti-phospho-p70 S6 kinase (T389), rabbit anti-phospho-4E-BP1 (T37/46), rabbit anti-phospho-AKT (S473), and rabbit anti-p62 antibodies were purchased from Cell Signaling Technology. Rabbit anti-Gls1, rabbit anti-collagen III, and rabbit antielastin antibodies were obtained from Proteintech. Rabbit anti-PAI-1 antibody was purchased from Santa Cruz Biotechnology. Densitometric assays of protein band intensities were performed with ImageJ software, and bar graphs for applicable Western blots are presented in Figure E2 in the data supplement.
Trichloroacetic Acid/Acetone Precipitation of Soluble Protein in Cell Supernatants
Cell media were collected and centrifuged to remove dead cells and debris. Three volumes of supernatants were added to 1 vol of 100% trichloroacetic acid solution and kept on ice for 30 minutes. The samples were centrifuged at 13,000 rpm for 10 minutes. The pellets were washed with ice-cold acetone, followed by being lysed with 13SDS sample buffer.
IP
Human normal lung fibroblasts were lysed in radioimmunoprecipitation assay buffer. The amounts of samples of each group entering IP were normalized to ensure that there were the same amounts of collagens. IP was performed with antihydroxyproline antibody (Biorbyt). The same amount of rabbit IgG was used as a nonspecific binding control. Immunocomplexes were pulled down using protein A beads (GE Healthcare Life Sciences), followed by Western blotting with anti-collagen I antibody.
Glutamine and Glutamate Assays
Intracellular and supernatant amounts of glutamine and glutamate were determined with a glutamine and glutamate assay kit (BioVision), respectively, according to the manufacturer's instructions.
Statistical Analysis
One-way analysis of variance followed by the Bonferroni test was used for multiple group comparisons. Student's t test was used for comparisons between two groups. P , 0.05 was considered statistically significant.
Results
Glutamine Metabolism Is Augmented in Myofibroblasts
To investigate the metabolism of glutamine, we initially compared its consumption by normal human lung fibroblasts and lung myofibroblasts that were induced by TGF-b1, one of the most important profibrotic mediators (26) . As shown in Figures 1A and 1B , whereas lung myofibroblasts consumed significantly more extracellular glutamine than fibroblasts did, they had less intracellular glutamine. Consistently, myofibroblasts contained greater amounts of glutamate ( Figure 1C ). These findings demonstrated an evident increase in glutaminolysis, the metabolic process of glutamine, in lung myofibroblasts. Glutaminolysis is initiated by Gls that is known to include the kidney/brain-type Gls1 and the liver-type Gls2 (13) . We found that the mRNA level of Gls1 was significantly increased in TGF-b1-treated fibroblasts, whereas Gls2 mRNA was barely detectable ( Figure 1D ), suggesting Gls1 as the primary Gls isoform in lung fibroblasts. Consistent with the elevated transcription, Gls1 protein was markedly upregulated in TGF-b1-treated fibroblasts, along with myofibroblastic marker SMA-a and ECM components collagen I, collagen III, fibronectin, and elastin ( Figure 1E ). Together, these data suggest that Gls1-mediated upregulation of glutaminolysis may play a critical role in myofibroblastic differentiation of fibroblasts. We found that TGF-b1-induced Gls1 was partially Smad2/3 dependent because their knockdown attenuated the elevation of this enzyme ( Figure 1F ). In addition, both the basal and TGF-b1-enhanced Gls1 were located primarily in mitochondria ( Figure 1G ). Characterizing Gls1 expression GTACAGTTGGACCTGCTGGCATTCG CATCCTTGGTTAGGGTCAATCCAGTAGTA Definition of abbreviations: Col1A1 = collagen, type I, a1; Col1A2 = collagen, type I, a2; Gls1 = glutaminase 1; Gls2 = glutaminase 2; SMA = smooth muscle actin. Figure 1 . Glutamine metabolism is augmented in myofibroblasts. (A-C) Human normal lung fibroblasts were starved for 24 hours in Eagle's minimal essential medium (EMEM) that contained 0.1% FBS. The cells were then treated with or without 2 ng/ml transforming growth factor-b1 (TGF-b1) for 48 hours. Amounts of (A) supernatant and (B) intracellular glutamine and (C) intracellular glutamate were determined. Glutamine consumption was the difference between glutamine amounts in the conditioned media and those in the original media. n = 3. Data are expressed as mean 6 SD. *P , 0.05;
in fibrotic lungs, we found that this enzyme was markedly increased in dense fibrotic areas in the lungs of mice with bleomycin-induced pulmonary fibrosis ( Figure 1H ). More significantly, myofibroblastic foci, the defining pathological feature of idiopathic pulmonary fibrosis, demonstrated remarkable Gls1 expression ( Figure 1I ). Together, these data suggest that elevated glutaminolysis is a common phenotype of myofibroblasts, both in vitro and in vivo.
Expression of Collagens Requires Glutaminolysis
We showed that glutaminolysis mediating Gls1 was induced by TGF-b1. We next examined the role of this metabolic pathway in myofibroblastic differentiation. Cells were treated with the specific Gls1 inhibitor CB-839, a compound that is being tested in anticancer clinical trials, to block glutaminolysis (27, 28) . We verified the intended effects of CB-839 in that it reduced glutamine consumption and increased intracellular glutamine in fibroblasts and TGF-b1-induced myofibroblasts ( Figure 2A ). We found that CB-839 remarkably inhibited the expression of collagens I and III in myofibroblasts ( Figure 2B ). However, CB-839 had few effects on the amounts of fibronectin, elastin, and SMA-a ( Figure 2B ). To validate the specificity of the effects of glutaminolytic inhibition, we examined another Gls1 inhibitor, BPTES (29) . Consistent with CB-839, BPTES diminished the expression of collagen I and collagen III, but not that of fibronectin, elastin, or SMA-a, in myofibroblasts ( Figure 2C ). Both CB-839 and BPTES could reverse the elevated collagen I in TGF-b1-induced myofibroblasts ( Figures 2D and  2E ). In addition, we applied glutamine deprivation to dampen glutaminolysis and found that, similarly to CB-839 and BPTES, this procedure decreased only collagen I and collagen III in myofibroblasts ( Figure 2F ). Taken together, these bodies of evidence suggest that glutaminolysis selectively regulates collagen expression in myofibroblasts. To genetically determine the role of glutaminolysis, we employed siRNAs and lentiviruses to modify Gls1 expression. We found that Gls1 knockdown significantly diminished the expression of collagens I and III ( Figure 2G ). In contrast, Gls1 overexpression upregulated collagens in lung fibroblasts ( Figure 2H ). Neither Gls1 knockdown nor overexpression had an effect on the expression of fibronectin, elastin, or SMA-a ( Figures 2G and 2H ). Of note, like the glutaminolytic inhibitor CB-839, Gls1 knockdown also reduced glutamine consumption in fibroblasts and TGF-b1-induced myofibroblasts ( Figure E1 ). Collagens are the key ingredients of the ECM, the primary sources of which are myofibroblasts. To determine if myofibroblast-secreted collagens were also subject to glutaminolytic regulation, we examined the amounts of these proteins in cell supernatants. As shown in Figure 2I , TGF-b1-induced myofibroblasts released strikingly more of collagens I and III than lung fibroblasts did. Whereas the increase in collagen secretion in myofibroblasts was completely blocked when Gls1 was knocked down, collagen secretion in control lung fibroblasts was not affected by Gls1 downregulation ( Figure 2I ). In addition, secretion of fibronectin and PAI-1 by these cells was independent of Gls1 ( Figure 2I ). Taken together, these findings suggest that glutaminolysis participates in ECM production by controlling the expression of collagens but not the secretion mechanism of fibroblasts. To shed light on the role of glutaminolysis in the context of fibrotic lung diseases, we used CB-839 to treat lung myofibroblasts from patients with idiopathic pulmonary fibrosis and found that glutaminolytic inhibition decreased the expression of collagens I and III, but not fibronectin, in these cells ( Figure 2J ).
Glutaminolysis Regulates Collagen Expression at the PostTranscriptional Level
We investigated if the decrease in collagen protein levels was due to a diminished transcription in myofibroblasts on glutaminolytic inhibition. To our surprise, we found that neither basal nor TGF-b1-induced transcription of Col1A1 and Col1A2, two genes that produce collagen I, was affected by CB-839 ( Figure 3A) . Limited supply of glutamine had no effect on the transcription of ColI either ( Figure 3B ). Consistent with the negligible impact on the protein levels of fibronectin, elastin, and SMA-a, CB-839 or glutamine limitation did not affect the transcription of these genes ( Figures 3A and 3B) . Collectively, these findings suggest that regulation of collagen expression by glutaminolysis does not occur at the transcriptional level. On discovering this, we next investigated protein translational activity in fibroblasts and myofibroblasts using a [
35 S]methionine incorporation assay. We found that myofibroblasts demonstrated markedly increased cellular translation ( Figure 3C ). More importantly, the elevated translation was attenuated, although partially, by glutaminolytic inhibition ( Figure 3D) . Perplexingly, the finding that the expression of collagens, but not of fibronectin, elastin, or SMA-a, was dependent on glutaminolysis appears to be indicative of selective translational regulation. However, we came to realize that this was a minor likelihood, given the uniform control of these proteins' expression in settings of organ fibrosis. We hypothesized that the differential effects of glutaminolysis were due to divergent stabilities of these profibrotic mediators in fibroblasts. We reasoned that proteins with The cells were then pretreated with or without 1 mM CB-839 for 1 hour, followed by treatment with or without 2 ng/ml TGF-b1 for 48 hours. Supernatant and intracellular glutamine (Gln) amounts were determined. Gln consumption was calculated as in Figure 1A . n = 3. Data are presented as mean 6 SD. *P , 0.05 compared with the untreated control group; ### P , 0.001 compared with the TGF-b1-treated control group. (B) Human normal lung fibroblasts were treated as in A. Amounts of the indicated proteins were determined by Western blotting. (C) Human normal lung fibroblasts ORIGINAL RESEARCH more rapid turnover were those more susceptible to translational alterations. To test this, we blocked cellular translation and chased these proteins in fibroblasts. As shown in Figure 3E , both collagen I and collagen III nearly disappeared 4 hours after cellular translation was terminated, whereas amounts of fibronectin, elastin, and SMA-a remained largely unchanged, indicating much less stability in intracellular collagens. In aggregate, these findings suggest that glutaminolysis, via regulating general cellular translation even at a modest level, has a relatively greater impact on the expression of the unstable collagens in myofibroblasts.
Glutaminolysis Promotes mTORC1 Activation
The implication of glutaminolysis in controlling cellular translation prompted us to ask if mTORC was involved in the process, because this complex is known to be a key regulator that promotes protein synthesis (30, 31) . Furthermore, mTORC is a master integrator of nutrient sensing and cell metabolism. mTORC1 activation leads to phosphorylation of p70-S6K and 4E-BP1, two molecules that keep tight control of translational initiation events (30, 31) . We found that TGF-b1 did induce mTORC1 activation in lung fibroblasts, as evidenced by increased phosphorylation of the two substrates ( Figure 4A ). More importantly, TGF-b1-activated mTORC1 was blunted by glutaminolytic inhibition with CB-839 or glutamine limitation ( Figures 4B and  4C) . Similarly, Gls1 knockdown could also downregulate mTORC1 activation ( Figure 4D ). On the contrary, augmented glutaminolysis activated mTORC1, as reflected by increased phosphorylation of p70-S6K and 4E-BP1 in lung fibroblasts with Gls1 overexpression ( Figure 4E ). In all, these data suggest that TGF-b1-induced mTORC1 activation is dependent on glutaminolysis. Notably, whereas TGF-b1 also induced Akt phosphorylation, this event was not affected by glutaminolytic inhibition ( Figures 4A and 4B) , suggesting that glutaminolysis is not involved in mTORC2 activation in myofibroblasts.
The finding of mTORC1 activation by glutaminolysis compelled us to investigate the effects of mTORC1 inhibition on the expression of these profibrotic mediators. As shown in Figure 4F , the mTOR-specific inhibitor Torin 1 completely inhibited the activity of this complex. More importantly, mTOR inhibition markedly reduced the expression of collagen I and collagen III, but not that of fibronectin, elastin, or SMA-a ( Figure 4G ), consistent with findings with glutaminolytic blockade. Together, these data suggest that glutaminolysis-dependent mTORC1 activation mediates glutaminolytic regulation of collagen expression.
a-KG Mediates Glutaminolysis Regulation of Collagen Translation by Activating mTORC1
The end product of glutaminolysis is a-KG, a metabolic intermediate of the TCA cycle (17, 32, 33) . Previous studies have implicated both a-KG elevation and mTOR activation in the malignant phenotype of various cancers (34) . Given the indication that glutaminolysis-dependent mTORC1 activation regulates collagen expression, we hypothesized that a-KG might be a mediator of this process. We found by mass spectrometry that amounts of a-KG were significantly increased in lung fibroblasts that were treated with TGF-b1 ( Figure 5A ). More importantly, a-KG upregulation in these cells was abrogated by glutaminolytic inhibition (Figure 5B ), suggesting a glutamine derivation of the elevated a-KG. We found that a cell-permeable a-KG activated mTORC1, which indicates that it may promote cellular translation ( Figure 5C ). Consistent with this hypothesis, a-KG increased the protein but not the mRNA level of Col1 (Figures 5D  and 5E ). a-KG had no effect on the expression of fibronectin, elastin, or SMA-a ( Figures 5D and 5E ). In sum, these findings suggest that glutamine-derived a-KG mediates the translational regulation by glutaminolysis through activating mTORC1.
Glutaminolysis Stabilizes Intracellular Collagens by Promoting Proline Hydroxylation
Our data indicate that collagen expression is more readily subject to glutaminolysismediated cellular translation than other fibrotic matrix components because of the lesser stability of collagens. We next asked if glutaminolysis also controlled collagens' production by regulating their stabilization. This hypothesis was formed on the basis of previous studies showing that proline hydroxylation, a reaction that was dependent on a-KG, the anaplerotic end product of glutaminolysis, was critical to intracellular collagen stabilization (20, 21) . To test this, we first investigated channels of intracellular collagen degradation. As shown in Figure 6A , the lysosome inhibitor chloroquine remarkably decreased the degradation of collagens I and III in lung fibroblasts 4 hours after protein synthesis blockade. In contrast, proteasome inhibitor MG-132 had no effect on this event ( Figure 6B ). Of note, p62 level was increased as a result of lysosome inhibition ( Figure 6B ). These data suggest that intracellular collagen degradation is lysosome dependent but not proteasome dependent. In addition, we evaluated collagen secretion and found that the protein secretion inhibitor colchicine apparently did not affect intracellular collagen amounts Figure 2 . (Continued). were treated as in A, except that 2.5 mM bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) replaced CB-839. Amounts of the indicated proteins were determined by Western blotting. (D and E) Human normal lung fibroblasts were starved for 24 hours in EMEM that contained 0.1% FBS. The cells were then treated with or without 2 ng/ml TGF-b1 for 48 hours, followed by culture for an additional 48 hours with fresh media that contained vehicle, (D) 1 mM CB-839, or (E) 2.5 mM BPTES. Amounts of the indicated proteins were determined by Western blotting. (F) Human normal lung fibroblasts were starved for 24 hours in EMEM that contained 0.1% FBS. The cells were then cultured for an additional 48 hours with fresh media that contained 0 or 2 mM Gln and 0 or 2 ng/ml TGF-b1. Amounts of the indicated proteins were determined by Western blotting. (G) Human normal lung fibroblasts were transfected with control siRNA or Gls1 siRNA. The cells were then starved for 24 hours in media that contained 0.1% FBS, followed by treatment with or without 2 ng/ml TGF-b1 in media supplemented with 0.1% FBS and 0. with 5-hour treatment ( Figure 6C ). These data ruled out the possibility that the remarkable decreases in intracellular collagens at 4 hours after protein synthesis termination were caused by significant secretion within the same time frame.
After discovering this, we examined the effect of glutaminolysis on intracellular collagen stability. We treated lung fibroblasts with either vehicle or glutaminolytic inhibitor CB-839 or BPTES for 24 hours, followed by tracing collagen expression on addition of cycloheximide. As shown in Figures 6D  and 6E , both CB-839 and BPTES markedly accelerated the degradation of collagen I and collagen III, suggesting that glutaminolysis is required for intracellular collagen stabilization. More significantly, we found that a-KG dramatically slowed down collagen degradation ( Figure 6F ). Together with the finding that CB-839 significantly decreased the amount of a-KG in lung fibroblasts, these data suggest that glutaminolysis promotes intracellular collagen stability through a-KG and thereby enhances collagen expression in lung fibroblasts. Because it has previously been demonstrated that defective proline hydroxylation promotes collagen degradation (22, 23) , we next investigated if glutaminolysis regulates collagen hydroxylation and found that blocking glutaminolysis with CB-839 evidently reduced the amount of hydroxyproline in collagen I ( Figure 6G ). In all, these studies indicate that glutaminolysis is required for intracellular collagen hydroxylation, which is necessary for the stabilization of these proteins.
Discussion
We previously showed that lung myofibroblasts undertook metabolic reprogramming to carry out augmented glycolysis (9) . Furthermore, glycolytic inhibition diminished the myofibroblastic phenotype and alleviated experimental lung fibrosis (9) . In the present study, we found that enhanced glutaminolysis was required for the translation and stabilization of collagens in these cells (Figure 7 ). Our studies collectively indicate that metabolic dysregulation is a frequent event in myofibroblasts and may play critical roles in the development of the profibrotic activities of the cells. These studies also suggest that aberrations in key cellular metabolisms are becoming a distinct set of a defining phenotype for these profibrotic effectors. Our findings provide novel insight into the pathogenesis of organ fibrosis and open new avenues for developing metabolism-based strategies to treat this disease.
We have demonstrated that there was an augmented cellular translation in myofibroblasts that was likely dependent on mTOR activation mediated by glutaminolysis-derived a-KG. In theory, the robust translation in these cells should have been coupled with enhanced anabolic events, presumably including collagen production and the resulting profibrotic activities. The TCA intermediates are well known to be extracted from the cycle as precursors for production of many macromolecules, which constitutes the necessary steps of cellular anabolism that is essential to cell growth (16) . As a matter of fact, glutamine-derived a-KG anaplerotically fuels the TCA cycle (16) . There is also another possibility, which is that a-KG may not be the sole metabolite derived from glutaminolysis that contributes to the anabolic events in lung myofibroblasts. Indeed, there is plenty of evidence showing that glutaminolysisassociated anabolism also involves amino acid intermediates, such as aspartate, and is essential to the proliferation of cancer cells (35, 36) . Therefore, glutaminolysisdependent anabolism may also play a critical role in the development of other profibrotic phenotypes, such as the increased proliferative activity of myofibroblasts, the effectors that adopt augmented glutamine consumption in organ fibrosis. Although abnormal activation of mTOR has previously been found in fibrotic lungs, it is not very clear what leads to this pathological event (37) (38) (39) . In this study, we provide evidence that augmented glutaminolysis was required for mTORC1 activation in myofibroblasts. To our knowledge, this is the first time a mechanistic link between an abnormal primary metabolic program and a major pathological signaling event in lung myofibroblasts has been identified. Furthermore, given the versatile functions of mTOR in governing cell growth and survival, as well as energy production and expenditure, the role of glutaminolysisassociated mTOR activation in organ fibrosis is sure to go beyond just the regulation of collagen expression. mTOR has been well recognized to control amounts of autophagy/mitophagy that were found to be defective in myofibroblasts (40) . Thus, it is of particular interest to determine if glutaminolysis participates in lung fibrosis by regulating autophagy/mitophagy via mTOR activation.
There are a number of elegant studies that have delineated how enhanced Amounts of intracellular a-KG and glutamine were determined by mass spectrometric analysis. n = 3. Data are presented as mean 6 SD. **P , 0.01; ***P , 0.001 compared with the untreated control group. (B) Human normal lung fibroblasts were starved for 24 hours in EMEM that contained 0.1% FBS. The cells were then pretreated with or without 1 mM CB-839 for 1 hour, followed by treatment with or without 2 ng/ml TGF-b1 for 48 hours. Amounts of intracellular a-KG and glutamine were determined by mass spectrometric analysis. n = 3. Data are presented as mean 6 SD. **P , 0.01; ***P , 0.001 compared with the untreated control group; ### P , 0.001 compared with the TGF-b1-treated control group. (C) Human normal lung fibroblasts were starved for 24 hours in EMEM that contained 0.1% FBS. The cells were then treated with or without 2 mM cell-permeable dimethyl-a-KG for 48 hours. Amounts of the indicated proteins were determined by Western blotting. The blot for p-p70-S6K was made from the same membrane but the membrane was cut at the superimposed dashed line, to facilitate blotting with other antibodies. Images separated by vertical space were from the same blots with nonrelated lanes removed. (D) Human normal lung fibroblasts were treated as in C, and amounts of the indicated proteins were determined by Western blotting. (E) Human normal lung fibroblasts were treated as in C, and amounts of the indicated genes were determined by RT-PCR. n = 3. Data are presented as mean 6 SD. C and D are representative of two independent experiments. glutaminolysis contributes to cancer cell proliferation, resistance to apoptosis, and metastasis (17) . Our present work also sheds new light on the role of glutamine metabolism in cancer pathogenesis. Because the phenotype of fibrotic myofibroblasts has been shown to be reminiscent of that of cancer-associated fibroblasts in many aspects, it is plausible that glutaminolysispromoted collagen production that was found in lung myofibroblasts may also take place in cancer-associated fibroblasts and aid the establishment of an optimal cancer interstitium that can facilitate rapid tumor growth and dissemination.
It is well known that hydroxylation of prolines in hypoxia-inducible factor 1 is a prerequisite for ubiquitin-mediated degradation of this protein in proteasomes (41) . To the contrary, this PTM appears to protect intracellular collagens from being degraded in lung myofibroblasts, which indicates that proline or lysine hydroxylation in collagens does not create a docking site for ubiquitin binding. This notion is in line with our finding that collagens are degraded primarily in lysosomes but not proteasomes. In fact, proline or lysine hydroxylation was found to be critical to the formation of proper conformations of individual collagen peptides, which were necessary for the stable triple-helix structure of intracellular procollagens (20, 21) . Therefore, our finding that glutaminolysis was required for proline hydroxylation in collagens suggests that the augmentation of this metabolic program in myofibroblasts is an important mechanism employed by these cells to rapidly produce collagens with improved qualities that confer greater resistance to degradation.
The finding that glutaminolysis promoted translation and stability of collagens in myofibroblasts suggests a potential therapeutic benefit of glutaminolytic inhibition in treating lung fibrosis. However, the study was done primarily in TGF-b1-induced lung myofibroblasts. TGF-b1 is also a critical mediator in normal lung injury repair, and thus TGF-b1-augmented glutaminolysis may be essential to the normal woundhealing process (42) . These concerns raise an important question regarding the timing of glutaminolytic inhibition during therapeutic interventions for lung injury. In addition, one may also caution against a hasty translation of this prospect into Human normal lung fibroblasts were cultured for 24 hours in EMEM that contained 10% FBS. The cells were then pretreated with or without 100 mM lysosome inhibitor chloroquine for 1 hour, followed by treatment with or without 5 mg/ml CHX for 4 hours. Amounts of the indicated proteins were determined by Western blotting. Images separated by vertical space were from the same blots with nonrelated lanes removed. (B) Human normal lung fibroblasts were cultured for 24 hours in EMEM that contained 10% FBS. The cells were then pretreated with or without chloroquine or proteasome inhibitor MG-132 for 1 hour, followed by treatment with 5 mg/ml CHX for 4 hours. Amounts of the indicated proteins were determined by Western blotting. (C) Human normal lung fibroblasts were cultured for 24 hours in EMEM that contained 10% FBS. The cells were then treated with 10 mM protein secretion inhibitor colchicine for the indicated time. Amounts of the indicated proteins were determined by Western blotting. (D) Human normal lung fibroblasts were cultured for 24 hours in EMEM that contained 10% FBS. The cells were then pretreated with or without 1 mM CB-839 for 24 hours, followed by treatment with 5 mg/ml CHX for 0, 1.5, and 3 hours. The samples loaded for the control and CB-839 groups at CHX time 0 were normalized to ensure that the same amounts of collagen were present. The amounts of samples loaded for the other two time points were the same as that for time 0 in their respective groups. Amounts of the indicated proteins were determined by Western blotting. (E) The experiments were done as in D, except that CB-839 was replaced with 2.5 mM BPTES. (F) Human normal lung fibroblasts were cultured for 24 hours in EMEM that contained 10% FBS. The cells were then treated with 2 mM dimethyl-a-KG for 24 hours, followed by treatment with 5 mg/ml CHX for 0, 3, and 6 hours. The samples loaded for the con and a-KG groups at CHX time 0 were normalized to ensure that the same amounts of collagen were present. The amounts of samples loaded for the other two time points were the same as that for time 0 in their respective groups. Amounts of the indicated proteins were determined by Western blotting. (G) Human normal lung fibroblasts were cultured for 24 hours in EMEM that contained 10% FBS. The cells were then pretreated with or without 1 mM CB-839 for 24 hours. Cells were lysed in radioimmunoprecipitation assay buffer, and an IP assay with antihydroxyproline antibody was performed. The amounts of samples of each group entering IP were normalized to ensure that the same amounts of collagen were present. The same amount of rabbit IgG was used as a nonspecific binding control. Western blotting with anti-collagen I was performed. A-F are representative of two or three independent experiments. therapies until better understanding is gained regarding the effects of glutaminolytic inhibition on other cell populations, such as pulmonary epithelial and endothelial cells. There is a possibility that glutamine is nevertheless essential to the regeneration of these cells after lung injury, which indicates that undifferentiated inhibition of pulmonary glutamine metabolism may not be beneficial in treating lung fibrosis. Regardless of these considerations, we are currently taking the first step to conditionally knock out Gls1 in mouse fibroblasts and determine its effect on the pathogenesis of lung fibrosis in mice. n ORIGINAL RESEARCH
